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Tuesday, March 8, 2011 423aT1-tetramerisation domain of the Kv1.2 potassium channel. We demonstrate
that expression of the NaChBac channel returns to near wild-type expression
levels. In addition, the channel retains a tetrameric form following purification.
We describe the effects of the potassium channel T1 domain on thermal stabil-
ity and ligand-binding of the NaChBac channel.
The recovery of NaChBac expression through expression of an alternative tet-
ramerisation domain is consistent with similar studies on potassium channels
and suggests that it is the presence rather than the nature of the tetramerisation
domain that is key to channel assembly.
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DIII - DIV Linker Charge Mutations Differentially Affect Open and
Closed State Fast Inactivation in Nav1.4
James R. Groome, Prajwal Wagley.
Fast inactivation in sodium channels occurs with channel opening, or in response
to depolarization that does not open channels. Inactivation is dependent on the
binding of an IFMT motif located in the DIII-DIV linker, flanked by a number
of positively charged amino acid residues. We investigated the role of two loci
of positive charge on the N terminal side of the IFMT motif, and three loci of
charge on theC terminal side. To do thiswe compared the effects of charge revers-
ing and charge substitutingmutations in skeletalmuscle sodiumchannel hNaV1.4.
Inactivation from the closed state was prolonged by mutations on the N terminal
side, but accelerated by mutations on the C terminal side of the inactivation parti-
cle. Open-state fast inactivation was typically prolonged with mutation. Our re-
sults suggest that these residues play an important role in the inactivation of
sodium channels, and that both charge and structure contribute to these roles.
This work was supported by NSF RUI 0235358 to JRG and NIH P20RR16454
to ISU from the INBRE program of the National Center for Research Resources.
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Soma as a Source of Sequential Spikes at Cortical Pyramidal Neurons
Jin H. Wang, Rongjing Ge, Hao Qian, Na Chen.
State Key Lab for Brain and Cognitive Sciences, Institute of Biophysics,
Chinese Academy of Sciences, Beijing China 100101.
The neurons integrate signals from numerous synaptic inputs and produce se-
quential action potentials as digital codes to carry various messages of control-
ling well-organized behaviors and cognition. In terms of the source for their
initiation, short-time depolarization pulses evoke a single spike at axon hillock.
However, action potentials at the neurons in vivo are induced by long-time de-
polarization. The source for long-duration signals to induce digital spikes needs
to be addressed, which we studied at pyramidal neurons in layer 4 of cortical
slices by dual-recording on the soma and axonal bleb of identical neurons. In
intracellular recording in vivo, the duration of membrane depolarization falls
into a range of 60~1600 ms. These depolarization pulses were injected into
the soma and axon of identical cortical pyramidal neurons to induce spikes.
Theoretically, the primary location for spikes’ encoding should have more ef-
ficient input-output and the highest ability to fire sequential spikes. In whole-
cell recording, these physiological signals induce somatic spikes with efficient
input-output, the highest spiking ability, lower thresholds and shorter refractory
periods, compared with axonal ones. In single-channel recording, voltage-gated
sodium channels (VGSC) during a pre-depolarization, which mimics long-time
signals, show less inactivation and easier reactivation at the soma than axon.
Less inactivated and easily reactivated somatic VGSCs in Neuron model
simulate a somatic source of sequential spikes. Based on our data from exper-
iments to theoretical modeling and computational simulation back to experi-
ments, we conclude that physiological inputs primarily trigger the soma to
encode neuronal digital signals.
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A Single Channel Description of an Inactivation Deficient Sodium Channel
Mutant
Marcel P. Goldschen-Ohm, Baron Chanda.
A characteristic ofmanyvoltage-gated ion channels including sodiumand potas-
sium channels is that macroscopic currents elicited with a voltage step subse-
quently decline, or inactivate. Because entry into inactivated states tends to
limit the activity of single sodium channels to a small number of openings, iden-
tifying the statistical properties of other less stable gating processes can be dif-
ficult. Here, we examined the single channel characteristics of a mutant skeletal
muscle sodium channel (rat Nav1.4 L435W/L437C/A438W) that exhibits very
littlemacroscopic inactivation (Wang et al., 2003) in response to voltage steps to
60 and40 mV. Although open dwell time distributions could be more or less
described by a single exponential component, both deviations from the single ex-
ponential fit and time constants from bi-exponential fits were consistent across
patches, suggesting the existence of two open states with time constants of ap-
proximately 0.5-1 ms and 2-4 ms. Bursts of openings separated by closures of
less than 2 ms were observed frequently, with the number of bursts in a givensweep increasing at more depolarized voltages. The number of opening within
each burst was also voltage dependent, increasing from about 3 to 5 openings
at 60 and 40 mV, respectively. These data will be presented with a prelimi-
nary kinetic description of sodiumchannel activity in the absence of inactivation.
This work was funded by NIH grant GM084140.
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Mapping Residues that Influence Fast Inactivation Within Ca-Sensing
Domains in the Nav1.5 C-Terminus
Svetlana Z. Stepanovic, Franck Potet, Benjamin Chagot, Walter Chazin,
Sabina Kupershmidt.
Dysfunction of the cardiac sodium channel (NaV1.5, SCN5A) can result in ar-
rhythmias. We previously identified a complex ‘[Ca2þ]i sensing apparatus’
within the C-terminal domain (CTD) and have linked structural changes occur-
ring in response to [Ca2þ]i and calmodulin (CaM) binding within this apparatus
to changes in the voltage-dependence of Nav1.5 steady-state inactivation.
[Ca2þ]i-dependent modulation of inactivation involves: (i) an EF-hand domain
in the C-terminus (CTD-EF) that directly binds Ca2þ ions and (ii) an IQ motif
(CTD-IQ) located just downstream. The CTD-IQ recruits CaM to NaV1.5 and
regulates the Ca2þ affinity of the CTD-EF. Here, we identify structural features
required for CTD-EF/CTD-IQ interaction and explore their impact on Nav1.5
by measuring effects on steady-state inactivation. Using solution NMR, we
identified three residues in CTD-EF, F1791, L1786, and L1862 as likely points
of interaction with CTD-IQ. We mutated each of these to alanines (A). Nav1.5-
F1791A shows the same voltage-dependence of inactivation as WT. However,
the V1/2 of inactivation of Nav1.5-L1786A and -L1862 was hyperpolarized by
17 mV and 16 mV, respectively. In yeast-two-hybrid (Y2H) quantitative
b-galactosidase assays of WT CTD-IQ and mutated CTD-EF domains, we
found that CTD-IQ interacts only weakly with CTD-EF-WT or CTD-EF-
L1862A. In contrast, CTD-IQ interacts strongly with CTD-EF-L1786A and
-F1791A (5 and 6-fold enhancement, respectively). The lack of correlation be-
tween the interacting pairs and the observed shifts in V1/2 suggests that the
CTD-EF/CTD-IQ interaction is not the key determinant of steady-state inacti-
vation in this paradigm. When we assessed interaction of CaM with either
Nav1.5 CTD-WT (contains both EF and IQ) or CTD-L1786A, we found re-
duced interactions between CTD-L1786A and CAM compared to WT. This
suggests that interaction between CaM and CTD-IQ may determine the shift
in V 1/2 of inactivation.
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C121W Implicated in GEFSþ is a Thermosensitive Sodium Channel
Mutation
Csilla Egri, Yuriy Y. Vilin, Peter C. Ruben.
Genetic epilepsy with febrile seizures plus (GEFSþ) is a multifaceted pediatric
epilepsy syndrome of which febrile seizures (FS) are one of the most common
symptoms. A cysteine to tryptophan substitution at position 121 (C121W) in b1
subunit of NaV is one of the many mutations related to GEFSþ. The underlying
mechanism of this disorder is currently unknown, but it has been proposed that
bC121W causes the FS phenotype by altering the temperature sensitivity of NaV.
To uncover the biophysical mechanisms of temperature dependent changes, we
performed whole cell voltage clamp experiments at 22 and 34C on CHO cells
stably expressing the a subunit of neuronal isoform NaV1.2, transiently trans-
fected with either wild type or mutant b1. Our results suggest that the bC121W
mutant alters the gating of NaV1.2 compared to wild type b1, and that increased
temperature exaggerates these disparities. Specifically, we focused on temper-
ature- and mutation-induced changes to steady state slow inactivation (SSI).
This type of inactivation determines the proportion of channels available to
open after extended (over 1 min) or repetitive membrane depolarizations,
and thus has a profound impact on cellular and tissue excitability. At 22, we
saw no apparent differences in V1/2 of SSI between wild type and mutant chan-
nels. Increased temperature, however, unmasked a depolarizing shift in V1/2 of
SSI for aþbC121W in comparison to aþb1. A depolarizing shift in SSI is pro-
excitatory, and we predict that the differential response to temperature between
wild type and mutant subunits contributes to neuronal destabilization and epi-
leptogenisis during febrile states. (Supported by an NSERC Discovery Grant
and a CFI Infrastructure Grant to PCR.)
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Arrhythmogenic Biophysical Phenotype for SCN5A Mutation S1787N
Depends upon Splice Variant Background and Low pH
Bi-Hua Tan, Chunhua Song, David J. Tester, Qing Zhou, Yang He,
Robert W. Marion, Thomas V. McDonald, Michael J. Ackerman,
Jonathan C. Makielski.
Background: SCN5A encodes the voltage-dependent sodium channel a-subunit
hNav1.5 that is responsible for the peak inward sodium current (INa) that under-
lies excitability and conduction in the heart and the late INa that influences
424a Tuesday, March 8, 2011repolarization and refractoriness. Mutations in SCN5A that pathologically in-
crease late INa cause type 3 long QT syndrome (LQT3). INa dysfunction from
mutated SCN5A can depend upon the splice variant background in which it is ex-
pressed, and also upon environmental factors such as acidosis. S1787N was re-
ported previously as a LQT3-associated mutation and has also been observed in
1 of 295 healthywhite controls. Here,we determined the in vitro biophysical phe-
notype of SCN5A-S1787N in an effort to further assess its possible pathogenicity.
Methods and results: We engineered S1787N in the two most common alterna-
tively spliced SCN5A isoforms, the major isoform lacking a glutamine at po-
sition 1077(Q1077del) and the minor isoform which contains Q1077, and
expressed them in HEK-293 cells for voltage clamp study. After 24h transfec-
tion, S1787N in Q1077 background had WT-like INa including peak density,
activation, inactivation and late INa in both pHi 7.4 and pHi 6.7. However,
with S1787N in the Q1077del background, the percentage of INa late/peak
was increased 2.1 fold compared to WT in pHi 7.4 (n= 7-9, p<0.05) and was
increased 2.9 fold compared to WT in pHi 6.7 (n= 6-8, p<0.03). In adult rat
ventricular myocytes infected with an adenoviral recombinant of S1787N/
Q1077del, action potential duration was prolonged in normal pH.
Conclusion: An LQT3-like biophysical phenotype for S1787N is both SCN5A
isoform and intracellular pH dependent. These findings provide further evi-
dence that the splice variant and environmental factors affect the molecular
phenotype with implications for the clinical phenotype and may provide insight
into acidosis-induced arrhythmia mechanisms.
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Dominant-Negative Suppression of SodiumChannel Activity by a Brugada
Syndrome Mutation Observed in Cardiomyocytes
Krekwit Shinlapawittayatorn, Drew M. Nassal, Haiyan Liu,
Eckhard Ficker, Isabelle Deschenes.
Brugada syndrome (BrS) is an inherited cardiac disease with an autosomal
dominant pattern. Unfortunately, the molecular and cellular mechanisms lead-
ing to BrS are not yet completely understood. Recently, the L325R-SCN5Amu-
tation has been proposed to cause BrS through a dominant negative effect. This
usually occurs if the mutant channels interact with wild-type (WT) channels
forming non-functional channel multimers. However, sodium channel a-sub-
units are not believed to oligomerize. Therefore, we tested whether the
dominant-negative effect seen in some BrS mutations is due to interactions be-
tween sodium channel a-subunits. Here we found that when WT-SCN5A and
L325R channels were co-transfected in a 1:1 ratio in HEK293 cells, the peak
INa density was reduced to only 29.856.2% of control. Surprisingly, a similar
dominant-negative effect was also observed when L325R-SCN5A was coex-
pressed with the WT skeletal muscle sodium channel (WT-SCN4A). Moreover,
when L325R channels were expressed in neonatal rat ventricular myocytes
(NRVM), the peak INa was also reduced by about 80% (peak current density
at 10 mV=-32.5þ14.9pA/pF), compared to non-transfected NRVMs (peak
current density at 10 mV=-182.7þ36.3pA/pF). As expected, overexpression
of WT-SCN5A increased the peak INa (peak current density at 10 mV=-
234.6þ32.2pA/pF). Interestingly, L325R did not interfere with the proper func-
tion of IK1 in NRVM, suggesting a specific dominant negative effect of L325R
channels on sodium channels. In conclusion, the dominant negative effect ob-
served in some BrS mutations suggests an interaction of sodium channel a-sub-
units which appears to occur even across different sodium channel
isoforms.Our findings demonstrate that the L325R allele exerts a dominant neg-
ative effect on WT channels not only in heterologous expression systems but
also in native cardiomyocytes, which would explain the BrS phenotype seen
in patients carrying this mutation.
2297-Pos Board B283
Trauma-Induced Nav Leak and Dysexcitability in Axonal Membranes:
Simulating the Consequences of Mechanically-Induced Left-Shift of Tran-
sient Nav1.6 Current
Pierre-Alexandre Boucher, Bela Joos, Catherine E. Morris.
Several experimental findings motivate our simulations: 1) immediately after
mechanical trauma, CNS nodes of Ranvier exhibit axolemmal blebs; 2) upon
mechanically-induced bleb formation, the operation of recombinant Nav1.6
channels (= node of Ranvier Nav isoform) becomes irreversibly shifted to-
wards hyperpolarized potentials; 3) mechanically-traumatized axons (and
Nav1.6-expressing HEK cells) exhibit TTX-sensitive Naþ leak; 4) mechanical
trauma to axons causes diverse excitability problems. It has been assumed
(without direct evidence) that trauma increases persistent Nav current but we
wondered if various trauma-induced pathological states (e.g. hyperexcitability
and spontaneous discharge as seen in neuropathic pain, conduction block as
seen in a knock-out punch, excitotoxic rise in axoplasmic Caþþ as seen in dif-
fuse axonal injury) could be attributed to left-shifted operation of transient Nav
current. We therefore modeled excitability, ion homeostasis and action poten-
tial propagation in myelinated axons (one or several nodes of Ranvier) withNav channels of varying fractions of the axolemma left-shifted to various ex-
tents. Left-shift of activation and availability of Nav channels shifts window
current (i.e. steady-state current through transient channels) leftward. Even if
persistent current left-shifted as well, window current, we found, would be
the critical source of Nav leak and could trigger degenerative excitotoxic cas-
cades. Further, we show that, depending on the extent of left-shift and the frac-
tion of affected axolemma, displaced window current predicts conduction
block as well as assorted forms of hyperexcitability (including excitatory sub-
threshold oscillations, spontaneous ectopic excitation, reduced threshold for
stimulated firing). In voltage clamp (as opposed to action potential) simula-
tions, we demonstrate how various protocols could be used to test whether
left-shifted Nav current in a traumatized membrane patch was an all-or-none
or graded process.
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Patch Trauma-Induced Kinetic Changes in Nav1.4 Channels (Oocyte
Patches): Gating in Both a Nav1.4-Nav1.5 Chimera Insusceptible to b1
Modulation and a Nav1.4 Mutant Incapable of Binding G-Ankyrin is Irre-
versibly Modulated by Membrane Stretch
Peter F. Juranka, Wei Lin, Jon Silva, Catherine E. Morris.
Oocytes lack endogenous Nav-modulating b subunits. Nav1.4a (unlike
Nav1.5a) pore subunits expressed in oocytes exhibit anomalously slow,
right-shifted voltage-dependent gating but co-expression with b1 subunits re-
sults in normal (i.e. more rapid, more left-shifted) Nav1.4 kinetics. For un-
known reasons, membrane stretch due to pipette aspiration in cell-attached
oocyte patches has the same effect on Nav1.4 a kinetics as co-expression of
a with b1, namely, acceleration/left-shift of the activation and availability pro-
cesses. This also occurs with Nav1.6 (Wang et al 2009 Am J Physiol 297:C823)
where the nature of the kinetic changes in Nav1.6 suggests trauma-induced
changes in bilayer mechanics as a plausible explanation. However, mechanical
disruption between Nava and various protein ‘‘targets’’ might also be the ex-
planation. Makita et al 1996 (J Neurosci 16:7117) generated a Nav1.4-
Nav1.5 chimera in which the re-entrant S5-S6 ‘‘pore loops’’ of Nav1.4 domains
1 and 4 were substituted with the corresponding Nav1.5 pore loops. This ren-
dered the chimera incapable of modulation by b1 subunits. Here we show that
slow component activity in this chimera was irreversibly accelerated and left-
shifted by membrane stretch. We also tested a rat Nav1.4amutant in which the
cytoplasmic loop 2 amino acids responsible for binding to G-ankyrin have been
deleted. In this Nav1.4a mutant too, patch stretch irreversibly accelerated/left-
shifted the anomalously slow activity of the channel. These findings rule out the
possibility that the extracellular b1 interacting domains of Nav1.4a or the in-
tracellular G-ankyrin interacting domain of Nav1.4a are required for the irre-
versible membrane trauma-induced acceleration/left-shift of this channel.
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Mitochondrial Reactive Oxygen Species Regulate the Cardiac Naþ
Channel
Man Liu, Hong Liu, Samuel C. Dudley.
Background: Pyridine nucleotides regulate the cardiac Naþ current (INa)
through PKC activation and reactive oxygen species (ROS), which is inhibited
by NADþ through PKA activation. Here, we investigated the source of ROS in-
duced by elevated NADH and how it affected the cardiac Naþ channel (Nav1.5).
Methods: HEK cells stably expressing Nav1.5 and rat neonatal ventricular my-
ocytes were utilized. Effects on INa were assessed by whole-cell patch clamp
recording. Also monitored were ROS generation, mitochondrial membrane po-
tential (DJm), and myocytes action potential (AP).
Results: Decrease of INa (5259%; P<0.01) induced by NADH (100 mM) in
HEK cells was reversed by mitoTEMPO, rotenone, malonate, DIDS,
PK11195 and 4’-chlorodiazepam. Antimycin A (20 mM) also decreased INa
(5154%, P<0.01), which was blocked by NADþ, forskolin, or rotenone. In-
hibitors for complex IV, nitric oxide synthase, NADPH oxidases, xanthine ox-
idases, mitochondrial permeability transition pore, and mitochondrial ATP-
sensitive Kþ channel did not alter NADH effect on INa. Analogous results
were observed in myocytes. Rotenone, mitoTEMPO, and 4’-chlorodiazepam
also blocked the effect of a mutant A280V glycerol-3-phosphate dehydroge-
nase 1-like protein on reducing INa, indicating a mitochondrial role in Brugada
syndrome. Fluorescent microscopy revealed that elevated NADH led to mito-
chondrial ROS generation but did not affect the mitochondrial DJm. NADH
treatment did not affect the resting potential and the AP duration of myocytes.
Nevertheless, a decrease of the maximum upstroke velocity of action potential
(68512%, P<0.05) was observed.
Conclusions: Altering the oxidized to reduced NAD(H) balance can activate
mitochondrial ROS production from complex I/III and release from the mito-
chondrial inner membrane anion channel leading to reduced INa. This signaling
cascade may help explain the link between altered metabolism, conduction
block, and arrhythmic risk.
